A new phase retrieval technique in digital holographic microscopy (DHM) with three defocused holograms is proposed. Given the defocusing distance, the phase distributions of tested specimen can be reconstructed with a simple algebraic equation. We have deduced this equation in detail. To avoid the manual operation, the defocused holograms can be flexibly and precisely obtained by introducing an electronically tunable lens based 4f system. This method is suitable for an on-axis hologram as well as the off-axis one but avoids the requirements for not only the iterative process, complex spectrum selection in off-axis DHM or additional phase-shifting devices in on-axis DHM but also the assumption of tested specimen or previous knowledge of the system. A series of simulations and the experimental results of the microlens array and water drop demonstrate the feasibility and effectiveness of the proposed method.
Introduction
DIGITAL holographic microscopy (DHM) has been shown great performance on noncontact labelfree quantitative phase imaging (QPI), and has been widely applied in various fields, such as cells [1] , [2] , micro-lens array [3] . The phase retrieval methods for DHM can be categorized into Fourier transform (FT) and phase-shifting (PS) technique. Off-axis DHM can retrieve the phase distributions of tested specimen from single hologram with FT method [4] , [5] . Thus, it is valuable for dynamic measurement in practice. However, the FT-based method always need to obtain the full +1 order with complex operation; otherwise, the frequency leakage would lead to measurement errors, especially for the off-axis DHM system with small tilt angle. The PS method, envisioned by Yamaguchi and Zhang [6] , [7] , can give an accurate phase measurement without the superimposition of different diffraction orders. Many works have been reported to enhance the performance of the PS method by reducing the needed phase shifts [8] - [11] . One common problem of these methods is that they Fig. 1 . Schematic of the experimental setup for the proposed method. CL, collimating lens; MO, microscope objective; OT, objective turret; TL, tube lens; L1, lens 1; L2, lens 2; ETL, electronically tunable lens; OL, offset lens; BS1, BS2, beam-splitter cubes; CCD, charge-coupled device.
have to introduce the phase shifts by different phase-shifting devices [12] - [15] . The phase shifting error [16] also may make the reconstructed object blurred.
Recently, many research works [17] - [20] have shown that the phase distributions can be retrieved with defocused images. From the point of view of defocus, defocused holograms obtained in different plane also can be used for reconstructing the phase distributions in DHM [21] - [29] . Phase-retrieval algorithms [21] , [22] with two or more defocused holograms can reconstruct the whole optical wave field. However, the iterative process is time consuming. In contrast, the dualplane methods [23] - [29] can achieve the purpose for QPI with two defocused holograms, which can avoid the requirements for iterative process, additional phase shifts, or complex spectrum selection. Two defocused holograms were recorded at two different planes separated by a small distance perpendicular to propagation direction, and later reconstructed using an algebraic manipulation in Fourier domain to remove the twin image noise. The zero order image can be eliminated by making an assumption of weak object wave [24] , introducing a π shifting [25] , [26] , subtracting the average intensity of entire hologram [27] , [28] , or recording an additional known reference wave [29] . Nevertheless, these methods usually require many conditions such as the specific approximation of object, additional phase-shifting devices, or previous knowledge of system, these requirements would limit the application of defocused-holograms-based methods for phase retrieval in DHM.
In this paper, we propose an alternative phase retrieval technique in DHM with three defocused holograms. An ETL-based 4f system [30] was introduced to flexibly and precisely record the three defocused holograms that avoid the manual operation. Then the phase distributions of tested specimen can be reconstructed with a simple algebra equation. We have deduced this equation in details. The proposal with three defocused holograms avoids the requirements for not only the iterative process, complex spectrum selection in off-axis DHM or additional phase-shifting devices in on-axis DHM but also the assumption of weak object wave or previous knowledge of system. Some simulations demonstrate that the method can be applied for various DHM system, such as the off-axis, slightly off-axis, or on-axis. The proposal is also experimentally demonstrated via QPI of the micro-lens array and water drop.
Basic Principle
The experimental setup considered in our scheme is a transmission DHM system with the MachZehnder interferometer configuration, as shown in Fig. 1 . This study is verified on, but not limited to, this system. In the path of object wave (OW), a tested specimen is placed in the front focal plane of microscope objective (MO). After passing through the specimen, the OW was magnified by a telescope system (comprised of a MO and a tube lens). The ETL-based 4f system, as shown in Fig. 1 , consists of a standard 4f system with two lens (L1 and L2) and an ETL combined with an offset lens (OL) located at the Fourier plane, used to generate the defocused hologram. The OL was paired with the ETL and the composite lens ETL/OL can realize refocusing along positive and negative directions with respect to the intermediate image plane. The lens L1 relays the back focal plane of the MO onto the ETL/OL. The lens L2 reconstructs the final image at the CCD plane, which is conjugated with the image plane.
Three holograms with different defocusing distance z 1 , z 2 , z 3 recorded on CCD can be respectively written as
Here, O z 1 , O z 2 and O z 3 are the complex amplitude distribution of the OW O (x, y) after propagation for different distance z 1 , z 2 , z 3 . From the angular spectrum view point, the corresponding relation is given by
where 
Here, ξ and η are the spatial coordinates in the frequency domain. In our proposal, the relationship between the defocusing distance z i and the focal length variations of ETL f E TL can be established [30] :
where f is the focal length of two lens L1 and
is the axial distance between the ETL and OL, f O L is the focal length of OL. Since f E TL can be electronically controlled, the defocusing distance z i can be easily adjusted whilst maintaining the position of the infocus image plane and image magnification. According to the (5), the complex conjugate (H z i ) * of H z i equals to H −z i . From the (1)- (3), we can obtain:
where
For simplicity, we can ignore the two terms A and B when the defocusing distance difference value z 2 − z 1 and z 2 − z 3 are very small. In addition, we assume that the given reference wave (RW) has the constant complex amplitude which will not change with the defocus of the holograms. It is because that the defocused holograms were generated by defocusing the object wave but not the reference wave. Thus, we can treat the OW and RW as a whole. In this case, after do the Fourier transform on the both side of (7) and (8), we can obtain:
Thus, the complex amplitude of (O · R * ) can be solved from (9) and (10):
Therefore, the retrieved phase can be expressed as
Here, "arctan" means the arc tangent operation, Im[·] and Re [·] are the imaginary part and the real part computation, respectively. The phase unwrapping method [31] is also applied to extend the wrapping phase into a continuous phase distribution. Based on the analysis of wavefront interference, the retrieved phase ϕ(O · R * ) can be written as [32] 
where ϕ(O i s ) is the phase introduced by the imaging system in the object arm, ϕ(R * ) is the phase of the conjugate RW, and ϕ(O t ) is the phase introduced by the tested specimen. The term ϕ(O i s ) + ϕ(R * ) is system phase which coming from the differences between the OW and RW. Different system phases will produce different holograms. In our proposal, the imaging system in the object arm is a telescope system. After the imaging system, the OW without specimen can be assumed as a plane wave (PW). If the RW is PW, ϕ(O i s ) + ϕ(R * ) is the tilt phase aberration introduced by the off-axis angle of RW in off-axis DHM. For the spherical RW, ϕ(O i s ) + ϕ(R * ) is the parabolic phase aberration in on-axis DHM. To obtain the correct phase map of tested specimen, we also need to compensate the phase aberrations ϕ(O i s ) + ϕ(R * ) caused by the off-axis angle of planar RW or the spherical RW.
Simulations
A set of simulations have been carried out to verify the effectiveness of the proposed method. Fig. 2 shows the phase retrieval results obtained with the proposed method for the on-axis DHM. In this simulation, the wavelength of the light source is 658 nm and the simulated on-axis holograms with 256 × 256 square pixels. The amplitude and phase distributions of the simulated OW are shown in Fig. 2(a) . Three holograms I z 1 , I z 2 , I z 3 are shown in Fig. 2(b) , with different defocused distance z 1 = −1 µm, z 2 = 0 µm, z 3 = 1 µm, respectively. For the given defocusing distance, the root mean square error (RMSE) of A and B is 1.7242e-004 and 1.7242e-004, respectively. Thus, the defocusing distance difference z 2 − z 1 and z 2 − z 3 would be small enough to ignore the value A and B in (7) and (8) . Fig. 2(c) shows the retrieved amplitude and phase distributions by the proposed method. The phase profiles along the white dotted line in Fig. 2(a) and (c) are shown in Fig. 2(d) . Fig. 2(d) implies that our method can reconstruct the correct amplitude and phase distributions. Our proposal can eliminate the influence of zero order image and twin image noise in on-axis DHM. In addition, this method does not need to introduce the phase-shifting devices compared with the PS method [6] , [7] .
We also test our method for the off-axis DHM. Fig. 3 shows the phase retrieval results obtained with the proposed method for the off-axis DHM with small tilt angle. In this simulation, the wavelength of the light source is 658 nm and the simulated off-axis holograms with 456 × 456 square pixels. The sample interval is 4.4 µm. Fig. 3(a) shows the simulated specimen: micro-lens. We can set different defocusing distances z 1 = −1 µm, z 2 = 0 µm, z 3 = 1 µm, then three holograms I z 1 , I z 2 , I z 3 are obtained, as shown in Fig. 3(b)-(d) , respectively. These different diffraction orders of hologram will superimpose because of the small off-axis tilt angle. Thus, we cannot retrieve the correct phase distributions of tested specimen with single hologram. In this simulation, the RMSE of A and B is 5.37281e-004 and 5.3634e-004, respectively. Thus, the two defocusing distance difference values z 2 − z 1 and z 2 − z 3 are small enough to ignore the value A and B in (7) and (8) . Fig. 3(c) shows the retrieved phase map with the proposed method. The phase profiles along the white dotted line in Fig. 3(a) and (e) are shown in Fig. 3(f) . Fig. 3(f) shows that our method also suitable for the off-axis DHM with small tilt angle but without the complex spectrum selection and obtain the accurate phase measurement.
In addition, we tested our method for off-axis DHM with different tilt angles. The different off-axis angles between the objet wave and reference wave will produce different holograms. Fig. 4(a) -(c) shows the infocus hologram when the tilt angle θ is equal to 1.96 mrad, 5.25 mrad, 8.85 mrad, respectively. The tilt angle also can be acquired from the spectrum of hologram [29] . The corresponding Fourier spectrum images are shown in Fig. 4(d)-(f) , respectively. For different tilt angles, we respectively record three holograms with different defocusing distances z 1 = −1 µm, z 2 = 0 µm, z 3 = 1 µm. According the proposed method, the corresponding retrieved phase maps are shown in Fig. 4(g)-(i) , respectively. The quality of the reconstructed phase maps is quantitatively measured with the RMSE, and the corresponding RMSE is 0.0016 rad, 0.0015 rad, and 0.0016 rad, respectively. In previous study [29] , the dual plane method with the known reference wave will be affected by the off-axis angle and only efficient for off-axis DHM with small offset angle. The variations of RMSE with the tilt angle θ is shown in Fig. 4(j) . As can be seen in Fig. 4(j) , the retrieved phase obtained with the proposed method will not be affected by the different off-axis angles. The main reason is that the influence of reference wave has been previously eliminated by the subtraction operator from the defocused holograms (see (7), (8)) in our proposed method. In other word, the proposed method is suitable for off-axis DHM with larger off-axis angle.
Experiments
Experiments on the micro-lens array (SUSS, Micro-lens Array Nr.18-0092) were performed to demonstrate the effectiveness of our scheme. The wavelength of the light source is 658 nm and a CCD sensor with 1200 × 1600 square pixel of 4.4 µm in size used to record the hologram. The telescope system comprised of a 10× MO and a tube lens with focal length f TL = 100 mm. The ETL-based 4f system, comprised a standard 4f system with two lens (f L 1 = f L 2 = 150 mm) and an ETL (Optotune AG, EL-10-30-C-VIS-LD) combined with an OL (f O L = −150 mm) located at the Fourier plane of lens L1, can be flexible to generate holograms with different defocusing distances. The axial distance d is about 4 mm and it is so small that we consider the composite lens ETL/OL as "thin" for simplicity. Our experiment system is calibrated by a 1 mm/100 divisions stage micrometer. The calibration results show that the actual magnification of system is 6×. We can generate different defocused holograms by changing the driven current of ETL. Based on the calibration of ETL, we found that the focal length of ETL versus its driven current changes appears to be a nonlinear relationship. The relationship between the focal length f E TL (mm) and the driven current T (mA) can be written as [33] 
In addition, the ETL also has good reproducibility and it does not introduce its own phase error [34] . Thus, we can precisely record defocused holograms with different defocusing distances. Fig. 5 shows the on-axis holograms recorded by the proposed experiment system for tested specimen. In this experiment, the RW is a spherical wave that produces the on-axis circular hologram. The defocused hologram I z 1 (z 1 = −0.2 µm) is shown in Fig. 5(a) . Fig. 5(b) shows the infocus hologram I z 2 (z 2 = 0 µm). Fig. 5(c) shows the on-axis hologram I z 3 with defocusing distance z 3 = 0.2 µm. Based on the (6) and (14), the corresponding driven current of ETL T z 1 , T z 2 and T z 3 is 73.30 mA, 73.62 mA, 73.94 mA, respectively. It is clearly seen that we cannot retrieve the correct phase distributions of tested specimen from single on-axis hologram due to the superimposition of different diffraction orders. Otherwise, one needs to obtain the phase-shifting holograms with additional phase-shifting devices. As mentioned above, the spherical RW will also introduce the parabolic phase aberration on the retrieved phase, which can be numerically compensated [35] . Then we can obtain the correct phase map. For the given defocusing distance z 1 , z 2 and z 3 , the RMSE of A and B is 0.0546 and 0.0546, respectively. Thus, the two defocusing distance difference values z 2 − z 1 and z 2 − z 3 are small enough to ignore the value A and B in (7) and (8) . The retrieved phase map of micro-lens array retrieved with the proposed method is shown in Fig. 5(d) . Before the experiment, we measure the micro-lens array with double exposure method [36] in advance. The retrieved phase map is shown in Fig. 5(e) . The phase profiles along the white-dotted line in Fig. 5(d) and (e) are shown in Fig. 5(f) . It is clearly shown that the phase distributions measured by both methods are comparable. These experimental results also demonstrate that our proposal with three defocused holograms can obtain the accurate phase measurement without requirements for additional phase-shifting devices in on-axis DHM.
Finally, we test the proposed method for off-axis DHM with water drop. Fig. 6 shows the experiment results of the water drop. In this experiment, the RW is PW which avoid the influence of the parabolic phase aberration but introduce the tilt phase aberration due to the off-axis angle of RW. Fig. 6(a) shows the off-axis hologram I z 1 with defocusing distance z 1 = 0.1 µm. The defocusing hologram I z 2 (z 2 = 0.2 µm) is shown in Fig. 6(b) . Fig. 6(c) shows the off-axis hologram I z 3 with defocusing distance z 3 = 0.3 µm. According to the (6) and (16) , the corresponding driven current of ETL T z 1 , T z 2 and T z 3 is 73.78 mA, 73.94 mA, 74.10 mA, respectively. As mentioned above, we can numerically compensate the off-axis tilt to obtain the correct phase map [35] . Fig. 6(d) shows the retrieved phase map obtained with the proposed method. These results show that the proposed method can retrieve the phase distributions of tested specimen with three defocused holograms. This method can avoid the requirements for complex spectrum selection in off-axis DHM.
Conclusion
In conclusion, we reported a new phase retrieval method based on three defocused holograms for QPI in DHM. We have deduced a simple algebra equation from three defocused holograms to retrieve the phase distributions of tested specimen, which can eliminate the influence of zero order image and twin image noise. The proposal can avoid the requirement for not only the iterative process, complex spectrum selection in off-axis DHM or additional phase-shifting devices in onaxis DHM but also the assumption of object or previous knowledge of system. The defocused holograms can be obtained by an ETL-based 4f system without manual operation. Simple and effective performance makes the approach available for different DHM systems, such as the offaxis, slightly off-axis, or on-axis. The simulation results for on-axis and off-axis DHM agree well with the theoretical analysis. The experimental results of the micro-lens and the water drop for QPI demonstrate the validity and effectiveness of our proposed method.
